The influence of microstructure on the magnetic properties was experimentally investigated to estimate the creep damage in ferritic 11Cr-3.45W steel as an applicable research for the structural health monitoring. The microstructure showed significant changes in precipitate size (d p ), precipitate number (N), dislocation density () and martensite lath width (!) during creep. The magnetic coercivity decreased with creep duration and depended strongly on precipitate number and lath width. However, the magnetic saturation and remanence did not change after 500 h creep duration. The correlation between the microstructural changes and coercivity was discussed.
Introduction
High chromium (9-12 mass%) tempered martensitic steels are widely used for high temperature boilers and steam turbines due to their high temperature strength, oxidation resistance, thermal conductivity. However, the creep rupture strength abruptly decreases during long term service at high temperature owing to the coarsening of precipitates and dislocation recovery. 1, 2) For these reasons, in order to enhance the life and structural integrity in fossil and atomic plants, the detailed in-situ monitoring on creep behavior should be achieved.
Magnetic property is one of the most sensitive to the microstructural changes of materials. Magnetic methods [3] [4] [5] have been applied in various steels to estimate the changes of microstructure such as phase transformation, grain size and particle size. However, the quantitative correlation of magnetic parameters with microstructural changes during the creep deformation has not been reported in ferritic high chromium steel. Therefore, up to the present, magnetic methods were merely believed to be the potential technique to the structural health monitoring. In this study, we studied quantitatively the microstructural changes during creep and investigated the dependency of precipitates and martensite lath on the coercivity in tempered 11Cr-3.45W steel.
Experimental Procedure
The specimen tempered at 700 C for 10 h after normalizing at 1100 C was prepared and the chemical composition was 0.19C, 11.01Cr, 0.09Mo, 3.45W, 2.97Co, 0.21V, 0.06Nb, 0.03N and with the balance as iron in mass percents. The creep test was carried out at constant load of 60 MPa at 700 C and the test was interrupted at predetermined creep duration to characterize the various stages of creep damage. The microstructural observation was achieved by using scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The precipitate size, d p , was quantitatively measured for about 1,000 precipitates from each specimen by image analyzer. In order to measure the dislocation density during creep duration, the X-ray diffraction technique was carried out using the Hall-Williamson method.
6) The lath width was measured by the line intercept method with TEM micrographs. The magnetic hysteresis curves were obtained from the cylindrical sample with the diameter of 2.5 mm using vibrating sample magnetometer (VSM). Figure 1 shows the magnetic properties of ferritic 11Cr-3.45W steel with creep duration in the interrupt test. The creep rupture time was 3,286 h. During creep damage, the coercivity decreased abruptly within 500 h of creep duration and slowly changed thereafter. However, the saturation magnetization and remanence were dropped and then saturated after 500 h. The as-tempered specimen exhibited fully tempered martensite containing high dislocation density in lath interior and fine secondary phases on prior austenite grain (PAG) boundary and lath boundary as shown in Fig. 2 (a) and Fig. 2(c) . Tempering produces the dispersion of platelike M 23 C 6 and spheroidal MX precipitates, which were analyzed by energy dispersive spectroscopy (EDS), stabilize the microstructure by pinning martensite lath boundaries and so reduces the effectiveness of recovery mechanism.
Results and Discussion
7) The precipitate identified as Laves (Fe 2 W) phase also formed mainly on the martensite lath boundaries and subsequently coarsened during the creep duration. It is shown that the lath width increased during creep compared to the as-tempered state as shown in Fig. 2 
(c).
There was a sharp decrease in the dislocation density during the creep test, as shown in Fig. 3 . This change was predominant during the early stage of creep, i.e. within 500 h, at which stage (region I), the dislocation density in the lath interior markedly decreased, and then slowly, but continuously decreased until creep rupture occurred. Lath martensite in steel has a high dislocation density of approximately 10 15 /m 2 . 8) Figure 4 shows the evolution of precipitate size and number, lath width, and Vickers hardness with creep duration. The precipitate size increased and precipitates number per unit area decreased as shown in Fig. 2 . The M 23 C 6 precipitate grew in size from 85 nm in the as-tempered condition to 400 nm after creep-rupture. The MX precipitate grew a little in size from 50 nm to 60 nm after creep-rupture. Also, the size of Laves phase was about 500 nm after creeprupture. Up to the present, the dependence of various kinds of inclusions (i.e. shape and phase) on magnetic properties has not been understood yet. In this study, we considered that the precipitates have a same effect on the magnetic properties because all precipitates are non-magnetic particles. Therefore, the precipitates morphology (i.e. size and number) were evaluated from total particles at each test specimen. The lath width increased while the Vickers hardness decreased during creep. The lath width of the as-tempered specimen was determined to be 0.21 mm and increased to about 0.57 mm after creep rupture. The martensite lath actively recovers during creep damage due to lath boundary migration and recombination, 9) resulting in a decrease in the strength. The hardness decreased with creep duration representing the softening phenomenon depended on the microstructural factors such as dislocations, precipitates and martensite lath. Figure 5 shows the interrelationship among precipitate number and lath width with coercivity. The coercivity had a linear relation to precipitate number and inverse lath width. As the amount of precipitates which constitute the pinning sites of the domain wall increased, the coercivity increased linearly with the slope of 6:3 Ã 10 À4 Amm (H C in kA/m, N in counts/mm 2 ) and the correlation coefficient was 0.97. The least square fit showed that the slope of the linear part of lath width was 1:2 Ã 10 À4 Amm (H C in kA/m, ! in mm) with the correlation coefficient was 0.99, which was a very similar Influence of Precipitate and Martensite Lath on the Magnetic Properties in Creep Damaged 11Cr-3.45W Steelresult of previous reports related to the effect of grain size on the coercivity. 10, 11) The coercivity is the maximum pinning force against domain wall movement in ferromagnetic materials. In ferromagnetic materials, the major obstacles to wall motion are dislocation, non-magnetic inclusion and grain boundary.
12) Dislocation causes microstress and interacts with domain walls, and hence hinders the domain wall movement. In general, the domain wall-dislocation interaction has been well known that the coercivity is proportional to the square root of dislocation density. [13] [14] [15] [16] In this test result as shown in Fig. 1 , the sharp decrease of dislocation density in the initial creep stage could be a strong influence on the coercivity, which is in good agreement with the previous studies. 14, 16) Non-magnetic inclusions could be effective obstacles to the domain wall movement because they have spike domains which tend to stick to wall or reduce the energy of the wall that contain them. Therefore, the coercivity was lowered as the precipitates number decreased suggesting the decrease of pinning site, and this relation was supported by the linear regression as presented in Fig. 5 . It is generally assured that grain boundaries influence the motion of domain wall via an effect related to the deflection of magnetic moment existed along the grain boundaries. Therefore, the domain wall receive the pinning force in the grain boundary, which the maximum pinning force of the domain wall by the grain boundaries is linearly dependent on the reciprocal grain size 1=d. The dependence of coercivity on the grain boundary has been discussed by Degauque 10) and Takahashi. 3) Degauque et al. experimentally noticed that the coercivity was inversely proportional to the grain size in high-purity iron and insisted that the grain boundaries could be obstacles to the movement of the domain wall. Takahashi et al. theoretically reported that the domain wall energy depended on the grain boundary and also showed that the coercivity was inversely proportional to the grain size. However, no simple explanation has yet been given for the effect of the martensite lath boundary on the coercivity. In our previous study on the microstructural characterization of creep damaged 11Cr-3.45W steel, 17) this steel was generally subjected to softening during creep, because of the increase in the martensite lath width and the coarsening of the secondary phases. The increase of lath width is associated with the decrease of total area of lath boundaries per unit area and hence, reduces the boundary resistance to domain wall pinning. The coarsening of secondary phases is accompanied by the decrease of number density of secondary phase following the Ostwald ripening and hence, this reduces the pinning site of domain wall movement. Thus, it can be considered that the precipitates and lath boundaries are the major barriers to domain wall motion in creep damaged 11Cr-3.45W steel.
Conclusion
The dependence of precipitate and martensite lath on the coercivity was investigated to evaluate creep damage of ferritic 11Cr-3.45W steel. Hardness decreased with creep duration due to the coarsening of precipitate, dislocation recovery and growth of lath width. The coercivity was linearly related to precipitate number and inverse lath width, which implies that the precipitate and lath boundary may be obstacles to domain wall movement. Therefore, this investigation can be suggested that the information of precipitate number and lath width during creep of ferritic 11Cr-3.45W steel could be nondestructively evaluated by measuring the coercivity.
